Topological Insulators are in focus of immense research efforts and rapid scientific progress is obtained in that field. Bi 2 Se 3 has proven to be a topological insulator material that provides a large band gap and a band structure with a single Dirac cone at the C-point. This makes Bi 2 Se 3 one of the most promising three dimensional topological insulator materials. While Bi 2 Se 3 nanowires and nanoflakes so far were fabricated with different methods and for different purposes, we here present the first Bi 2 Se 3 nanowires as well as nanoflakes grown by molecular beam epitaxy. The nanostructures were nucleated on pretreated, silicon (100) wafers. Altering the growth conditions nanoflakes could be fabricated instead of nanowires; both with high crystalline quality, confirmed by scanning electron microscopy as well as transmission electron microscopy. These nanostructures have promise for spintronic devices and Majorana fermion observation in contact to superconductor materials. In the last years, topological insulators (TIs) and new Hall states have attracted a paramount of theoretical, experimental, and material-scientific attention for the most various materials and applications.
1-15 Bi 2 Se 3 is a long known and studied thermoelectric material, 16, 17 but it has just recently been proposed to be a three dimensional topological insulator. 18 Angle resolved photo electron spectroscopy showed the single Dirac cone at the C-point and it is 0.3 eV bandgap. 19 This large band gap makes Bi 2 Se 3 promising for room temperature applications in non-dissipative electronics and spintronics as well as a candidate material for topological quantum computation utilizing Majorana fermions. [20] [21] [22] First transport measurements on ultra-thin structures indeed indicate the existence of topologically protected surface states. 23 Bulk states, however, still complicate the observation of the unique signatures of the surface states. Therefore, nanostructures provide an ideal geometric prerequisite to suppress bulk effects, as they offer a high surface to volume ratio. With rising surface to volume ratio the contribution of the bulk conductivity decreases with respect to the share of the surface states. The calculated properties of Bi 2 Se 3 nanowires are described in Ref. 24 .
Fabrication of Bi 2 Se 3 layers was realized by different methods: pulsed laser deposition, 25 hot wall epitaxy, 25 and molecular beam epitaxy (MBE). 23, 26, 27 Bi 2 Se 3 nanowires, -flakes and -ribbons were synthesized so far by a variety of approaches, but mainly for thermoelectric application. Since the need of high quality samples for TI application occurred, the feasibility of nanowire, -flake and -ribbon fabrication with molecular organic chemical vapor deposition (MOCVD) 28 and in a horizontal tube furnace 29, 30 was shown. At very low temperatures (T < 2.5 K), quantum transport properties of surface states could be examined in Bi 2 Se 3 nanowires fabricated in a sealed quartz tube already. 31 Better control over growth conditions, less contamination and so higher crystal quality should enable the realization of higher temperature application of Bi 2 Se 3 , for which molecular beam epitaxy is a very promising approach.
In this paper, we show the fabrication of Bi 2 Se 3 nanowires as well as nanoflakes by MBE on silicon substrates. Main advantage of the MBE is the fabrication in ultra-high vacuum, minimizing the contamination. Furthermore, the high degree of control over the growth conditions, most notably the tunable Selenium to Bismuth ratio, offers opportunities for different growth regimes where the composition and crystal structure of the nanowires may be altered. Controllable fabrication of topological insulator nanostructures can enable the explicit proof of Majorana bound states. Tunnel spectroscopy on proximity induced topological superconducting nanowires are expected to show a quantized zero-bias peak and the superconducting gap that should exhibit a closing at the phase transition between topological and non-topological phase. 20 The fabrication was carried out with a modified Varian MBE-360. In the actual setup only two cell ports were utilized-one each with elementary Bismuth (Alfa Aesar, 99.9997%) and elementary Selenium (Alfa Aesar, 99.999 þ %). The Silicon (100) wafers were pretreated before mounting. For nanowire fabrication, they were etched in hydrofluoric acid for ten seconds and then coated with a two nanometer thick layer of gold. Directly before being transferred into the MBE chamber, the substrates were scratched with metal tweezers for nanostructure nucleation. The sample was heated up to 600 C for 10 min and afterwards cooled down to growth temperature (450 C 6 10 C). The growth step took 15 min with a beam equivalent pressure ratio r(p Se /p Bi ) ¼ 23. The growth was carried out with no substrate rotation. For nanoflake fabrication the two nanometers of gold were absent. The remaining procedure for the pure nanoflake growth was equivalent to the nanowire growth.
The nanowires and nanoflakes were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), as well as transmission electron microscopy (TEM, FEI Titan 80-300). The wafers pretreated with gold result in samples where the surface is covered with small nanoflakes and polycrystalline material, but in direct proximity to the scratches nanowires arise from this background. Figure 1(a) shows an overview of a scratched sample. In the upper left half, the scratched area is shown. The red line marks the edge of the scratch. While in the scratched area and in direct proximity nanowires-lighter lines-arise from the background on the wafer surface, there are no nanowires visible in distance to the scratch. For enlarged images of nanowires see Figure 3 . In Figure 1 (b), a sample without gold deposition is shown. Here, no nanowires occur, but outside the scratches nanoflakes with a diameter up to more than 1 lm can be fabricated.
The material on the surface mainly consists out of Bi 2 Se 3 flakes with no recognizable orientation. XRD measurements, presented in Figure 2 , show clearly the 003 (at x-2h ¼ 4. 6 ) and 006 (at x-2h ¼ 9.3 ) peak for Bi 2 Se 3 . As the XRD signal originates mostly from the flakes on the wafer-surface, the blurry underground in the XRD-signal can be explained by non-uniform orientation of the flakes. SEM images, Figure 3 (a), show single standing nanowires, over a covered surface. The nanowires growing out of this surface layer are enlarged in Figures 3(b) and 3(c). There are no gold droplets on the tip of the wire as it would be expected for Vapor-Liquid-Solid (VLS) growth mode. 32 Typical nanowires are in a diameter of 20 nm-100 nm, an in length shorter than 1 lm to maximum 2 lm.
For further, detailed examination of single wires and their crystal properties they were transferred onto a carbon grid sample holder for transmission electron microscopy. The selective area diffraction (SAD) pattern is shown in Figure 4 . TEM images taken are presented in Figure 5 . Bismuth and selenium can occur in several compounds in nearly every stoichiometric combination by varying the stacking order of Bismuth and Selenium layers. 33 To validate the fabrication of Bi 2 Se 3 , we here present the expected SADP for Bi 2 Se 3 in Figure 4 . They reveal the expected hexagonal spot pattern, indicating that the nanowires are crystalline and ordered in the rhombohedral space group D 5 3d ðR 3mÞ. 28 The fabrication of crystalline Bi 2 Se 3 nanowires via MBE was realized by gold and scratch pretreatment of the wafer. But the exact nucleation mechanism for our nanowire growth is not yet determined; classical VLS growth is ruled out by the fact that no gold droplets could be found on the tip of the wires, neither on SEM images in Figure 3 nor on TEM images in Figure 5 .
However, nanowire growth without gold on the wafer could not be realized. Alegria et al. also report that the fabrication of Bi 2 Se 3 nanowire fabrication by MOCVD relies on the presence of gold, but no droplets can be found on the tip of their wires. 28 Root catalyzed growth could not yet be found on the examined samples, but cannot be ruled out. While Kong et al. observed VLS grown Bi 2 Se 3 nanowires by evaporating Bi 2 Se 3 powder in a horizontal furnace, 30 our results indicate clearly the absence of VLS growth by nanowire fabrication from two atomic sources.
Further, the wires nucleate only in absolute proximity to the scratches, while in their absence no appreciable nanowire growth could be found. This fact leaves some presumptions for the nucleation mechanism; on one hand, the scratch can open defects on the wafer surface which can work as nucleation seeds. On the other hand, the material scraped off or extrinsic material brought to the wafer by the tweezers can favor the nucleation. Nanowire growth nucleated by materials different as gold is well known in literature. 34 Further, self-catalytic growth is known for III-V semiconductor nanowires, 35 in our case this means nucleation by either bismuth or selenium. So the accumulation of gold, bismuth, and/or selenium at a defect or contamination induced by the scratching step is a possible mechanism.
In conclusion, MBE is a worthwhile approach for high quality Bi 2 Se 3 nanostructure fabrication on Si(100) substrates. The nanostructures shown have a mono-crystalline structure and are good candidates for further characterization as well as transport measurements. Understanding of the nanowire nucleation process can increase the wire-density and reduce the surface coverage. Therefore, different nucleation approaches and models can be called on. As single standing nanowires on a clean substrate simplify the further processing, positioned growth on pre-patterned surface promise ideal conditions. Once completely understood MBE growth enables the implementation of further materials in the nanowires. So, e.g., Cu x Bi 2 Se 3 is thought to be a topological superconductor without the need of proximity induction. 36 We gratefully acknowledge support from the Elite Network Bavaria -international doctorate program "topological insulators" and financial support by the State of Bavaria. We thank Nadezda V. Tarakina for useful discussions on TEM analysis. 
